because of recent health issues e.g. bovine spongiform encephalopathy .
Cer, a skin component located in the stratum corneum as an intercellular lipid, plays a critical role in cutaneous barrier functions against external stimuli such as dry conditions and microbial invasion. It also maintains the waterholding capacity of skin. Reportedly, decreased Cer in skin induces abnormal skin conditions 1 3 .
Abstract: The ceramide (Cer) content of skin and glucosylceramide (GlcCer) intake affect skin moisture conditions, but their mutual relation in skin remains unclear. For clarification of that mutual relation, carbon stable isotopes ( 12 C and 13 C) are useful as a tracer. However, carbon isotopic measurement has not been applied to the study of clarifying their skin moisturizing effects. Therefore, we used gas chromatography / combustion / isotope ratio mass spectrometry (GC-C-IRMS) to ascertain the appropriate conditions for carbon isotopic measurements using synthesized Cer (SCer) in substitution for very low concentrations of Cer in skin. SCer was derivatized to trimethylsilylated SCer (TMS-SCer) quantitatively using N-trimethylsilylimidazole (TMSI) depending on the amount of SCer. The derivatization rates were 75-85%. Excess TMSI was removed using three cycles of hexane-water distribution. Under these conditions, carbon isotopic measurements of TMS-SCer conducted using GC-C-IRMS showed high repeatability and good inter-day variation (S.D. < 0.3‰). The carbon stable isotope ratio value (δ 13 C) of SCer calculated using a mass balance equation was compared with δ 13 C of underivatized SCer, which was regarded as the actual δ
13
C of SCer obtained using sealed tube combustion method. The difference between the calculated δ 13 C of SCer and δ 13 C of the underivatized SCer depended on the TMSI reagent supplier and on the number of hydroxyl groups to be derivatized in SCer. For accurate δ 13 C of Cer in skin using GC-C-IRMS, the measured δ 13 C of a target TMS-Cer must be calculated using a correction factor representing the difference in δ 13 C of underivatized standard SCer from that of TMS-standard SCer having a structure resembling that of the target Cer in skin. In addition, we show that the same lot of TMSI reagent from a specific supplier must be used throughout the experiments.
Consequently, GlcCer from plants is often ingested as a form of dietary supplement. The oral intake of GlcCer improves the moisturization of skin 3, 4 , improves skin barrier functions 5, 6 , and maintains skin water contents 7 .
The relation between intake of GlcCer from plants and the skin Cer content is well established 8 . After ingestion, the GlcCer from a plant is digested to its component molecules fatty acid, glucose, sphingoid base, and Cer in the gastrointestinal tract. Some of these components are resynthesized to Cer, which finally moves to lymphatic vessels 9 12 . However, the amounts of Cer component of GlcCer absorbed from the gastrointestinal tract represent only a few percent of the intake 11, 13, 14 . Therefore, mechanisms related to digestion and absorption of GlcCer after oral intake must be clarified for further study of the function of GlcCer for skin. New analytical approaches must be used to elucidate the mechanisms of GlcCer digestion and absorption. Carbon stable isotopes 12 C and 13 C included in compounds are natural tracers used in several scientific fields. For instance, the medical field exploits the carbon stable isotope ratio value δ 13 C to conduct drug traceability 15, 16 . To enable work with lower concentration samples including Cer from skin, it is necessary to use gas chromatography -combustion -isotope ratio mass spectrometry GC-C-IRMS for carbon isotopic measurement. Actually, carbon isotopic measurement using GC-C-IRMS has not been reported for application to Cer from a mouse for instance. For that reason, we determined the conditions that are appropriate for carbon isotopic measurement using GC-C-IRMS.
In this study, synthesized Cer SCer were used to represent very low concentrations of Cer in skin. Before it can be measured, the low-volatility SCer must be derivatized through trimethylsilylation using N-trimethylsilylimidazole TMSI . In addition, qualitative derivatization must be conducted to obtain a precise δ 13 C. This study determined the appropriate conditions to be used for carbon isotopic measurements of derivatized SCer using GC-C-IRMS. Furthermore, we evaluated the method s precision. The range of concentration used in this study allows this method to be applicable for the measurement of δ 13 C of Cer in skin.
EXPERIMENTAL

Chemicals and reagents
Four kinds of SCer were used for this study Fig. 2 . Ceramide II CerII: d18:0-18:0 was obtained from Takasago International Corp. Tokyo, Japan . Ceramide IIIb CerIIIb: t18:0-18:1 , ceramide III CerIII: t18:0-18:0 , and ceramide VI CerVI: t18:0-18h:0 were obtained from Evonik Inds. AG Essen, Germany . TMSI was purchased from three suppliers: GL Science Inc. GL: Tokyo, Japan , Merck KGaA Merck: Darmstadt, Germany and Tokyo Chemical Industry Co., Ltd. TCI: Tokyo, Japan . C 35 H 72 C35 alkane was purchased from TCI for use as the internal standard for gas chromatography GC analysis of derivatized SCer. Caffeine IAEA-600, δ 13 C: 27.77 was purchased from International Atomic Energy Agency IAEA: Vienna, Austria for use as the working standard of carbon isotopic measurements conducted using GC-C-IRMS. NEDO-5-1 δ 13 C:
28.10 , NEDO-17-2 δ 13 C: 10.29 , and T-2-1 δ 13 C: Fig. 1 Structures of ceramide and glucosylceramide.
14.08 were purchased from the New Energy and Industrial Technology NEDO: Chiba, Japan for use as the working standard of carbon isotopic measurements conducted using sealed tube combustion. Other chemicals and solvents were of reagent grade.
Derivatization of SCer
Derivatization for trimethylsilylation was performed as described in previous reports 3, 17, 18 . First, SCer was mixed with TMSI in a tube sealed with a cap, followed by incubation at 70 in an air incubator, leading to the formation of derivatized SCer TMS-Cer: TMS-CerII, TMS-CerIIIb, TMSCerIII, and TMS-CerVI . To find the yield dependence of TMS-SCer on SCer amount, 0-62.5 μg of CerVI was derivatized in 100 μL of TMSI for 480 min. Then, to find the yield dependence of TMS-SCer on TMSI volume, 50-200 μL of TMSI was mixed with 10 μg of each SCer and incubated at 70 for 480 min. To assess the time dependence for the derivatization rate of TMS-SCer by TMSI, 10 μg of each SCer were derivatized in 100 μL of TMSI at 70 for 10 min to 480 min. To ascertain the conditions of removal of TMSI from derivatization reaction solution, 10 μg of each SCer was derivatized using 50 μL of TMSI at 70 for 120 min. Then, to observe the repeatability of carbon isotopic measurements of TMS-SCer, three tubes of 10 μg of each SCer n 3 were derivatized using 50 μL of TMSI GL for 120 min at 70 .
Moreover, the inter-day variation of carbon isotopic measurements of TMS-SCer was verified by taking measurements for four days using three tubes of derivatization reaction solution n 3 in the same conditions as those of the repeatability examination described above. For the observation of the variation of δ 13 C of TMS-SCer using various TMSI reagents, 10 μg of each SCer and 50 μL of TMSI GL, TCI and Merck were reacted for 120 min at 70 with subsequent carbon isotopic measurement conducted after the removal of TMSI.
Gas chromatography
For this study, GC analyses were conducted using a GC equipped with an FID at 325 GC-2014; Shimadzu Corp., Kyoto, Japan . Then 2.0 μL of a derivatization reaction solution was injected to the GC at 320 in split mode split rate: 5:1 and was then transferred to a column 30 m length, 0.32 mm I.D., 0.25 μm film, HP-1; Agilent Technologies Inc., Santa Clara, California, USA attached to the GC, with helium as the carrier gas 2.0 mL/min . The temperature program of the column was 60 to 320 at 30 /min after a sample injection, then held at 320 for 30 min. For analysis of the TMSI residue, the column temperature program was increased from 60 to 110 at 10 /min. Then it was increased to 320 at 30 /min. It was finally held at 320 for 30 min.
The peak area for each TMS-SCer was calculated using signals ChromatoDAQ; Ulvac, Inc., Kanagawa, Japan . The calculated peak area was regarded as proportional to the amount of derivatized TMS-SCer.
Removal of excess TMSI from derivatization reaction
solution Removal of excess TMSI reagent was performed by 2-3 times repeated hexane-water distribution, as described by Masukawa et al. 2005 18 . Briefly, after derivatization described in the Derivatization of SCer section, 200 μL of hexane and 50, 100, 200, and 400 μL of water were added to the derivatization reaction solution. After stirring vigorously for 30 s and centrifuging for 5 min at 3000 rpm, the water layer of each mixture was removed. An equivalent volume of water was then added to the mixture. The water layer was again removed from the mixture after stirring vigorously for 30 s and centrifuging for 5 min at 3000 rpm. After one more cycle of addition and removal of water, the hexane layer was dried completely using a nitrogen gas stream, and was dissolved again in 50 μL of hexane. The resultant solution was injected to GC system to evaluate the amount of remaining TMSI and to calculate the TMSSCer recovery during the hexane-water distribution process. The TMS-SCer recovery was calculated for comparison to a derivatization solution for which hexane-water distribution was not done. 2.5 Time dependence of the derivatization rate of TMSSCer by TMSI To ascertain the reaction time in the derivatization of SCer by TMSI, the time dependence for the derivatization rate of TMS-SCer by TMSI was measured. Each SCer 10 μg was derivatized in 100 μL of TMSI for 10, 30, 60, 180, and 480 min at 70 . Immediately after finishing the reaction for each derivatization, 20 μL of C35 alkane solution in TMSI 0.41 nmol/μL was added to the derivatization solution for each derivatization time. The solution mixture 2.0 μL was injected to the GC system; then the peak area was calculated as described above.
The derivatization rate of SCer by TMSI was calculated using the measured peak area of TMS-SCer and the theoretical peak area of TMS-SCer, as calculated using the peak area of C35 alkane and carbon atoms of TMS-SCer and C35 alkane, as shown in the equation below. 2.6 Carbon isotopic measurements of TMS-SCer using GC-C-IRMS Carbon isotopic measurements of TMS-SCer were performed using a gas chromatograph GC, Trace; Thermo Fisher Scientific Inc., Massachusetts, USA coupled to an isotope ratio mass spectrometer IRMS, Delta V plus; Thermo Fisher Scientific Inc., MA, USA through a combustion interface GC IsoLink ConFlo IV; Thermo Fisher Scientific Inc., MA, USA . Briefly, after derivatization of SCer as described in section 2.2 and the removal of TMSI residue described in section 2.4 above, 0.5-2.0 μL of TMS-SCer solution in 50 μL of hexane was injected to the GC at 320 in splitless mode. It was then transferred to a column 30 m length, 0.32 mm I.D., 0.25 μm film, DB-1 ms; Agilent Technologies, California, USA using helium as the carrier gas 2.0 mL/min . The temperature program of the column 60 to 320 at 30 /min and held at 320 for 30 min. TMS-Cer was eluted from the DB-1 ms column. Then it was converted to CO 2 gas though a combustion tube at 860 . Finally, CO 2 gas was transferred to the IRMS. Isotopic standardization for δ 13 C against VPDB was accomplished by calibration using caffeine δ 13 C 27.77 as the working standard in our laboratory.
Carbon isotopic measurement of underivatized SCer
Using a conventional off-line method, a sealed tube combustion method consisting of sealed tube combustion followed by cryogenic separation of the resulting carbon dioxide CO 2 using a high-vacuum line system and IRMS measurement, carbon isotopic measurements were conducted of underivatized SCer, which is regarded to give actual values of SCer when derivatized by TMSI, and when not derivatized by TMSI. Briefly, samples equivalent to 1 mg of carbon were weighed and combusted in an evacuated and sealed quartz tube with 2.0 g of copper II oxide CuO as the oxidant and 0.7 g of copper Cu as the reductant at 850 for 2 h. The sample tube was then cooled to 196 using liquid N 2 for 5 min. The sample tube was then broken using a glass tube cracker. The released N 2 was exhausted outside of the line. Subsequently, the sample tube was heated to 78 using dry ice in ethanol for 5 min. The released CO 2 was trapped in the middle of a line cooled at 196 . Then the N 2 residue was exhausted outside of the line. The trapped CO 2 was heated to 78 using dry ice in ethanol for 5 min. Finally, the released CO 2 was transferred to a 6-mm i. 
δ 13 C of SCer calculated using mass balance equation
The calculated δ 13 C of SCer derivatized by TMSI was calculated with a mass balance equation with δ 13 C of TMSI using sealed tube combustion method, and of TMS-SCer using GC-C-IRMS following the equation below.
Therein, N is the total number of carbon atoms. Subscripts are the following: δ 13 C TMS-SCer , δ 13 C of TMS-SCer measured using GC-C-IRMS; δ 13 C TMSI , δ 13 C of TMSI measured using sealed tube combustion method; δ 13 C SCer , calculated δ 13 C of SCer.
RESULTS
Conditions of the derivatization of SCer by TMSI
To obtain precise and accurate results from the derivatization method, the reaction must be quantitative. At the very least, the isotope fractionation must be known and reproducible so that a correction factor is applicable. Therefore, we determined the appropriate conditions for derivatization reaction of SCer. We then evaluated the precision of carbon isotopic measurements of derivatized SCer using GC-C-IRMS.
First, the relation between the amount of SCer and the volume of TMSI was examined. Approximately 50 ng carbon/μL in SCer is a suitable amount to inject to GC-C-IRMS. Therefore, the SCer amounts used in this experiment were 0-10 times the suitable amount, 0-62.5 μg/100 μL in TMSI 449 ng carbon/μL in CerVI . As depicted in Fig. 3 , the derivatization yield of TMS-SCer increased with the amount of SCer mixed with the same amount of TMSI. That relation showed strong correlation R 2 0.98 , demonstrating that the yield of TMS-SCer varies linearly with the amount of SCer that is used.
Using the same protocol with a 480 min reaction, we then evaluated the influence of the amount of TMSI on the yield of TMS-SCer. For the amounts of 50-200 μL, the area of the peak for each SCer remained constant irrespective of the TMSI volume used for derivatization Fig. 4 , indicating that the TMSI amount does not influence the yield of the derivatization reaction in that concentration range. In these conditions, the minimum amount of TMSI used to derivatize 10 μg of SCer quantitatively was 50 μL.
Experiments were conducted to evaluate the optimal reaction time necessary to complete the reaction. The rates of derivatization for each SCer increased in accordance with the reaction time Fig. 5 . The rate reached a maximum from about 75 in CerVI to about 85 in CerII over 30 min. Differences were apparent in the rates of SCer of different types CerII, IIIb, III, and VI , particularly for SCerVI. This difference can be explained by the higher number of hydroxyl groups to be derivatized in the latter see section 4.2 . For the subsequent experiments, the conditions we used were 10 μg of SCer and 50 μL and 120 min reaction time at 70 .
Carbon isotopic measurement of TMS-SCer using
GC-C-IRMS For carbon isotopic measurements using GC-C-IRMS, the removal of excess TMIS must be done after derivatization reactions, for instance using rotary evaporation 19 .
However, considering the ease of the operation and the loss of TMS-SCer during the operation, we opted for a hexane-water distribution for the derivatization reaction Then the peak area from GC was measured.
Fig. 5
Time dependence for the derivatization rate of TMS-SCer by TMSI. 10 μg of each SCer was derivatized in 100 μL of TMSI at 70℃ for 10 min to 480 min. Later, 2.0 μL of prepared solution was injected to GC and the peak area from GC was measured. The reaction rate was calculated using C35 alkane spiked to the derivatization reaction solution after derivatization.
solution. Using the hexane-water distribution described in section 2, high recovery of TMS-SCer was observed. No trace of remaining TMSI was observed using GC Table 1 . Moreover, as might be apparent from Fig. 6 , the four peaks of each TMS-SCer on GC-C-IRMS were well resolved using the temperature program described in section 2.
To evaluate the precision of carbon isotopic measurements of TMS-SCer using GC-C-IRMS under these conditions, the repeatability and the inter-day variation were examined. The standard deviations of the mean value of δ 13 C in the repeatability experiments were less than or equal to 0.30 , which shows good agreement with the instrument specifications 20 and with previous reports describing lipids and fatty acids 21 . Furthermore, the standard deviations of the mean value of δ 13 C in the inter-day experiments four days were 0.04 CerIIIb to 0.25 CerVI Table 2 . Carbon isotopic measurements of TMS-SCer derivatized by various TMSI had high repeatability in the TMSI of three kinds Table 3 . The standard deviations of the mean value of δ 13 C in each TMSI that we used were between 0.02 and 0.20 , indicating that changing the reagent had no influence on the precision obtained using this method.
DISCUSSION
4.1 Difference between calculated δ 13 C of SCer and δ
C of underivatized SCer
The strategy we used relies on the use of a derivatization reagent to form a volatile compound for which measurement would be possible using GC-C-IRMS. One shortcoming of this approach is that a mass balance equation must be used to calculate the actual δ 13 C of SCer that is derivatized described in section 2 .
Results of the derivatization of SCer by TMSI and the carbon isotopic measurements of TMS-SCer described in section 3 indicate that precise methods were taken under our examined conditions. When evaluating the potential in- 10 μg of each SCer was derivatized in 50 μL of TMSI (GL) at 70℃ for 120 min. Later, 2.0 μL of prepared solution was injected to GC. Then the peak area from GC was measured. The peak area for each SCer after hexane-water distribution was compared with the peak area of the derivatization reaction solution without removing TMSI. fluence of the TMSI reagent on the δ 13 C of the obtained TMS-SCer, we noted that, although TMSI reagents had no influence on the standard deviations of the mean values of δ 13 C obtained within each TMSI C of the methyl groups that actually serve as derivatizing agents differs from the measured δ 13 C of all TMSI, which was used in a mass balance equation. Consequently, the difference of the intramolecular carbon isotope composition in TMSI reagent might explain the differences observed for the TMS-SCer with TMSI from Three tubes, each of 10 μg SCer (n=3), were derivatized using 50 μL of TMSI (GL) for 120 min at 70℃. Later, TMSI residue was removed. Then 2.0 μL of TMS-SCer solution in 50 μL of hexane was injected to GC-C-IRMS. Repeatability: average in each day. Inter-day variation: average of four days. Three tubes, each of 10 μg SCer (n=3), were derivatized using 50 μL of TMSI for 120 min at 70℃. Later, TMSI residue was removed. Then 2.0 μL of TMS-SCer solution in hexane was injected to GC-C-IRMS. different suppliers. Therefore, for additional study, we assert that the same lot of TMSI from the same supplier must be used to obtain precise results. An alternative is to measure the actual δ 13 C of the methyl group of TMSI.
Variation of δ 13 C in types of SCer
In addition to the variations observed between δ 13 C of TMS-SCer obtained using TMSI from different suppliers, differences were observed depending on the type of SCer used. The difference of calculated SCer from underivatized SCer was less in proportion to the numbers of hydroxyl groups in SCer Table 3 . Four kinds of SCer were used for this study Fig. 2 . The numbers of hydroxyl groups in SCer that are derivatized by methyl group of TMSI are two in CerII, three in CerIIIb and CerIII, and four in CerVI. As presented in Fig. 5 , differences were found in the derivatization rate between SCer of different types 75 in CerVI and 85 in CerII . Just as variations in the derivatization rate produced different results, the variation of δ 13 C differences from actual values might be attributable to different numbers of hydroxyl groups to be derivatized.
4.3
Correction for accurate δ 13 C and application to Cer from skin The conditions used here provide repeatable δ 13 C. Moreover, these conditions are applicable to Cer from the skin of a mouse, for instance. However, the δ 13 C are influenced by TMSI suppliers and the numbers of methyl groups in SCer. For accurate δ
13
C of Cer from skin using GC-C-IRMS after derivatization by TMSI, standard SCer with a structure resembling that of a target Cer is required. The δ 13 C of TMS-standard SCer and underivatized standard SCer must be obtained for each supplier and each lot of TMSI. Instead of calculation using a mass balance calculation, measured δ 13 C of a target TMS-Cer must be calculated as shown in the equation below. The δ 13 C difference between TMS-standard SCer and underivatized standard SCer corresponds to the correction factor for a target Cer. In the case of preliminary measurement of δ 13 C of Cer from the skin of a mouse, other lipids may be present in skin of a mouse and must be removed as much as possible so that they do not interfere with the Cer peaks in the GC-C-IRMS chromatogram. The preparation of Cer from a mouse must thus be optimized for the measurement using GC-C-IRMS.
CONCLUSION
The appropriate experimental conditions for use in ascertaining the δ 13 C of SCer using GC-C-IRMS after derivatization were determined. The method includes a derivatization reaction, a hexane-water distribution to remove excess TMSI, and determination of the δ 13 C of the TMS-SCer obtained using GC-C-IRMS. When those conditions are fulfilled, the method shows extremely good repeatability n 3 and low inter-day variation four days . The standard deviations of the mean value for both are less than 0.3 . Moreover, these precise conditions make this method applicable to matrices with low Cer concentrations, such as the skin from a mouse, for instance.
This study demonstrates that δ
13
C of TMS-SCer obtained using GC-C-IRMS might be influenced by the intramolecular carbon isotope composition of the TMSI reagent that is used and by the SCer structure, especially by the number of hydroxyl groups of SCer to be derivatized. Results suggest that instead of calculation using a mass balance calculation, for accurate δ 13 C of a target Cer from skin using GC-C-IRMS, the measured δ 13 C of a target TMS-Cer must be calculated using the δ 13 C difference of TMS-standard SCer from underivatized standard SCer with a structure resembling that of a target compound as the correction factor for a target Cer. In addition, the same lot of TMSI reagent from a specific supplier must be used throughout the experiments.
